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Nb-based  intermetallics  contained  in  the  master  alloy  act as  potent  heterogeneous  nucleation  substrate
for the nucleation  of  primary  Al dendrites.  The  addition  of  the  96Al–2Nb–2B  master  alloy  to the LM25
alloy  permits  to  signiﬁcantly  reﬁne  its microstructural  features  and  the  reﬁnement  is achieved  in  a great
range  of cooling  rates.  The  formation  of columnar  grains  at slow  cooling  rates  is prevented.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  licenseeywords:
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. Introduction
The reﬁning treatment on hypo-eutectic Al–Si alloy is practi-
ally convenient and this is normally carried out by the addition of
ommercial master alloys developed on the Al–Ti–X (where X = B
r C) ternary system (Mayes et al., 1993). The inﬂuence of the ratio
etween Ti and B was considered by Sritharan and Li (1997), the
mployment of Ti and B salts studied by Henghua et al. (2006) and
he combined effect of grain reﬁnement and semi-solid processing
nalysed by Naﬁsi and Ghomashchi (2006). Although of the over
0 years research and industrial practise (McCartney, 1989) over
hich many different theories explaining the grain reﬁning mech-
nism have been proposed (Easton and St. John, 1999), there are
till some controversies. The most plausible nucleation theory sug-
ests that TiB2 particles need to be coated with thin layer of Al3Ti
o be effective nucleant particles (Schumacher and Mc  Kay, 2003).
he Al–Ti–X commercial master alloys are highly effective in reﬁn-
ng pure aluminium and wrought aluminium alloys (whose silicon
ontent is generally lower than 3 wt.%) due to both the nucleation
otency of the Ti-compounds and the high growth restriction factor
f titanium on aluminium. The employment of commercial Al–Ti–X
aster alloys for the reﬁnement of Al–Si cast alloys, although done,s not very effective because of the poisoning effect that silicon
as on titanium as described by Kori et al. (2005). Quested at al.
tudied the poisoning effect from a thermodynamic point of view
∗ Corresponding author. Tel.: +44 1895 267202; fax: +44 1895 269758.
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ttp://dx.doi.org/10.1016/j.jmatprotec.2015.03.011
924-0136/© 2015 The Authors. Published by Elsevier B.V. This is an open access article u(Quested et al., 2006). In particular, on increasing the silicon addi-
tion to aluminium, the grain size passes through a minimum that
occur at 0.5–7 wt.% Si depending on conditions, but is typically
∼3–4 wt.% Si (Johnsson and Bäckerud, 1994). The mechanism gov-
erning the poisoning (i.e. formation of titanium silicides) is not
completely understood but its effects are very clear. The melt is
depleted of titanium and the potency of TiB2 particles as heteroge-
neous nucleation sites is greatly diminished; consequently, grain
reﬁnement is not achieved reliably. The scientiﬁc community has
proposed some variants and alternatives, such as the employment
of sub-stoichiometric compositions, replacement of B with C and
employment of Al–B master alloys (Li et al., 1997), all of them based
on the Al–Ti–X system. We  focused on the replacement of titanium,
the element that is actually causing problem, and came up with a
chemical composition that can efﬁciently reﬁne the microstruc-
ture of Al–Si alloys. Starting from the study of the addition of pure
Nb and/or B on binary Al–Si alloys (Nowak et al., 2015) as well
as commercial alloys (Bolzoni et al., 2015b), it was  shown that
their effect is much greater than addition of the individual ele-
ments (i.e. Nb or B alone) (Bolzoni et al., 2015c). In this manuscript
the reﬁning performances of one of these master alloys (i.e. the
96Al–2Nb–2B master alloy) on the microstructural features and
mechanical properties of the hypo-eutectic LM25 (A356) alloy are
addressed, presented and discussed in details.2. Experimental procedure
The 96Al–2Nb–2B master alloy was  produced by mixing pure
aluminium with Nb powder and a 95Al–5B master alloy. The
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 2. Comparison of the cooling curves of the LM25 alloy without and with Nb–B
inoculation.
Table 1
Data obtained from the analysis of the cooling curves shown in Fig. 1.
Temperature Reference 96Al–2Nb–2B addition
Tminimum [◦C] 617.9 617.8
phenomena, Fredriksson and Åkerlind (2012) asserted that theig. 1. Sketch of the moulds used during the study: (a) 30 mm cylindrical steel mould
nd  (b) wedge-shape copper mould.
etails of the production and characterisation of this master alloy
omposed of Nb-based compounds are available in a previous pub-
ication (Bolzoni et al., 2015a). The effect of Nb–B inoculation on the
olidiﬁcation mechanism was studied by quantifying the under-
ooling obtaining cooling curves in slow cooled materials; data
ere collected using type-K thermocouples connected to a data
ogger. It has been reported that thermal analysis is a useful tool to
nderstand the effect of the addition of grain reﬁners. Murty et al.
2002) said that thermal analysis has been used to assess the per-
ormance of grain reﬁners in the case of a number of foundry alloys
nd Spittle (2008) speciﬁed that the features of the shape of a ther-
al  analysis curve accompanying supercooling and recalescence,
elate to grain reﬁning potential. For the grain reﬁnement exper-
ments the LM 25 alloy (A356), whose silicon content is ∼7 wt.%,
g  = 0.3 wt.%, Fe = 0.5 wt.% and Ti = 0.11 wt.%, was melt at 790 ◦C.
fterwards, either the alloy was cooled at 740 ± 3 ◦C and cast (ref-
rence) or the 96Al–2Nb–2B master alloy (level of addition of
.1 wt.% equivalent of Nb) was added 30 min  before casting (i.e. con-
act time) prior to follow the same casting procedure. Somewhat
ower Nb content with respect to the targeted value is, anyway,
xpected because some Nb got oxidised during the fabrication of
he 96Al–2Nb–2B master alloy. The moulds used during the study
re sketch in Fig. 1.
The cooling rate range considered by means of the setup used
aries in between 2 ◦C/s (cylindrical steel mould) up to 1000 ◦C/s
i.e. tip of the wedge-shape copper mould). It is worth mentioning
hat the microstructural analysis was performed on the cross-
ection of both the cylindrical samples (at 20 mm from the bottom)Tgrowth [◦C] 619.6 618.4
Undercooling, T  [◦C] 1.7 0.6
and of the wedge-shaped specimens (whole section). Visual inspec-
tion (macro analysis) of the reﬁnement effect was done on grinded
and etched (Tucker’s reagent) samples whilst microstructural anal-
ysis was carried out on either polished samples (obtained by means
of the conventional metallographic route) or anodised (Barker’s
solution) specimens. The measurements of the grain size were done
in a Carl Zeiss Axioskop-2-MAT microscope using the linear inter-
cept method.
3. Results and discussion
The comparison of the cooling curves of the LM25 alloy with-
out and with the addition of the 96Al–2Nb–2B master alloy and the
results of their analysis are reported in Fig. 2 and Table 1, respec-
tively.
From Fig. 2, the reference alloy cools down to roughly 618 ◦C
and due to the thermodynamic barrier to nucleation it undercools
before the formation of any agglomeration of (solid solution of) alu-
minium able to survive in the supercooled molten metal. Because of
the slow cooling employed during the thermal analysis, the primary
aluminium grains start to growth the temperature raises reaching
a peak, known as recalescence. As indicated by Knuutinen et al.
(2001), it should be noted that T is sometimes denoted as under-
cooling, where T = Tminimum − Tgrowth. From the comparison of the
cooling curve of the material without and with 96Al–2Nb–2B mas-
ter alloy addition, it can be seen that the shape of the curves is
not changed and the minimum temperatures are comparable but
the recalescence temperature, and consequently, the undercool-
ing after the addition of the 96Al–2Nb–2B master alloy is lower.
The reduction of the undercooling generated along the solidiﬁ-
cation of the material suggests that heterogeneous nucleation is
the governing mechanism because an ideal substrates for nuclea-
tion will reduce the undercooling at zero (Apelian et al., 1984).
Nb–B inoculation was chosen because Nb-based intermetallic com-
pounds have good lattice match with the cubic crystal structure
of Al (Nowak et al., 2015). In the discussion of the nucleationundercooling is proportional to the square of the (lattice) mismatch
and some conditions must be fulﬁlled among which: the compound
must not dissolve in the melt and the interface between low-index
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sig. 3. Representative macro- and microstructural images of the LM25 alloy (refere
nodised micrographs.
lanes of the substrate and the nucleated solid must be coherent or
early coherent. The low lattice mismatch and the reduction of the
ndercooling suggest that a coherent or semi coherent interface is
resent between the Nb-based intermetallics and the nucleation
luminium grains.
Fig. 3 shows representative macro- and microstructural images
f the LM 25 alloy without the addition of any grain reﬁner (refer-
nce).
From Fig. 3, the variation of the grain size (i.e. size of the pri-
ary -Al dendrites, bottom micrographs) with the cooling rate
an be represented with an asymptotic curve. This behaviour is the
xpected one because the lower the cooling rate the greater the
ime for the growth of the grain that nucleated, most probably,
rom the walls of the die. The very fast cooling rate available of the
ip of the wedge-shaped samples (i.e. in the order of 100–1000 ◦C/s)
eads to the formation of ﬁne equiaxed Al grains of approximately
00 m.  In the middle of the wedge-shaped samples, at interme-
iate cooling rate, the grain size is in the order of 750 m reaching
round 1000 m in the wider part. A further increment of the grain
ize (∼1190 m)  is obtained in the microstructure of the cylindri-
al specimens whose cooling rate is somewhat lower. Concerning
he eutectic Al–Si phase (top micrographs), it can be noticed that
ts distribution becomes less even with the lowering if the cooling
ate. This is because the eutectic phase nucleates from the solute
nriched molten metal which remains after the nucleation of the
rimary -Al dendrites and, consequently, it is found in between
he arms of the dendrites. The bigger the dendritic grains become,
he more conﬁned the eutectic phase is. It is worth mentioning
hat the morphology of the eutectic phase is modiﬁed from pla-
ar (i.e. needle-shape morphology) to ﬁbrous because the starring
aterials already included some addition of strontium. Due to
he relatively low silicon content of the LM25 alloy, no primary
i particles are present in the microstructures. Others micro-
tructural features present in this alloy are the needle-shaped andop: details of the eutectic phase, middle: macro-etched cross-sections and bottom:
script-like Fe-based intermetallics whose size/length increases
with the decreasing of the cooling rate.
Representative micrographs concerning the LM25 alloy with the
addition of the Nb-based compounds by means of the 96Al–2Nb–2B
master alloy are reported in Fig. 4.
From Fig. 4, the shape of the trend of the variation of the grain
size does not change after the addition of the 96Al–2Nb–2B mas-
ter alloy because it is still characterised by an asymptotic behaviour
(bottom micrographs). The variation of the grain size is signiﬁcantly
lower in comparison to the reference material (Fig. 3). The size of
the primary -Al equiaxed grain at very fast cooling rate (tip of the
wedge-shaped sample) is very ﬁne (less than 80 m)  due to the
combined effect of high cooling rate and heterogeneous nucleation
by the 96Al–2Nb–2B master alloy. Moving towards slower cooling
rates (from middle to wide part of the wedge-shaped sample) the
size of the -dendrites slightly increases to around 250–330 m.
These values of the grain size are much smaller with respect to
those found in the reference material (in the order of mm)  and
clearly indicate the effect of the addition of the 96Al–2Nb–2B mas-
ter alloy to the LM25 alloy. A further decrement of the cooling
rate leads to the further coarsening of the microstructure (approx-
imately 350 m for the cylindrical mould specimen) but the ﬁnal
grain size is still much ﬁner than the reference. With respect to the
Al–Si intermetallic phase (top micrographs), the addition of the Nb-
based compounds to promote the heterogeneous nucleation of the
primary -Al dendrites leads to a better and more even distribution.
This is thought to be a consequence of the smaller space available
in between the dendritic arms of the growing crystals as well as to
the lower partitioning of the alloying elements (especially silicon)
in the melt pools. The size of the eutectic phase is generally some-
what ﬁner most probably due to the greater number of -Al grains
from which the Al–Si eutectic phase can nucleate (i.e. similar lattice
parameters). The less heterogeneous distribution of the alloying
elements during the solidiﬁcation process obtained by the addition
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f the 96Al–2Nb–2B master alloy results also in the formation of
ner and less interconnected Fe-based intermetallics dispersed in
he microstructure. The reﬁnement of the microstructural features
i.e. grain size, intermetallic phase and Fe-based intermetallics) by
eans of the 96Al–2Nb–2B master alloy is mainly due to the pres-
nce of Nb-based compounds, speciﬁcally niobium borides and
iobium aluminides. Niobium borides are intermetallic particles
haracterised by a hexagonal structure whose lattice parameters
re quite similar to that of aluminium. As in the case of Al–Ti–B
aster alloys for wrought aluminium alloys, it is believed that
 layer of (niobium) aluminide is formed on top of the borides
articles where this Al3Nb has a tetragonal structure with accom-
odated lattice parameters which are much more similar to those
f aluminium and, consequently, signiﬁcantly enhance the hetero-
eneous nucleation of the primary -Al dendrites. As it can be
nferred, TiB-based and Nb-based compounds are characterised by
he same atomic structure and similar lattice parameters but they
iffer in a critical aspect: Nb-compounds can efﬁciently reﬁne the
icrostructural features of Al–Si cast alloys. The reason of this dif-
erence is related to the stability of the compounds in presence of
ilicon. Titanium reacts very easily with silicon to form silicides
poisoning) whilst niobium does it far less and this is due to the
act that there are less niobium silicides that can form (3 against 5
s per binary phase diagrams, ASM International, 1992) and they
re stable at much higher temperature (Zhao et al., 2004).
The variation of the grain size with the cooling rate is displayed
n Fig. 5 along with the relative prediction calculated using the
pproximation that the average grain size y (of the LM25 alloy)
epends on the cooling rate x according to (Flemings, 1974):
 =  ˇ × (x)−m (1)
here  ˇ and m are factors that varies with the nature of the alloy
nd of the solidiﬁcation conditions.
The plotting of the data on semi-log diagram permits to clearly
nderstand the variation of the grain size of the LM25 alloy with theFig. 5. Grain size and efﬁcacy vs. cooling rate f for the LM25 alloy without and with
the addition of the 96Al–2Nb–2B master alloy.
cooling rate (decreases exponentially) as well as see that the differ-
ence in between the size of the primary -Al dendrites without with
Nb–B inoculation becomes greater towards equilibrium cooling
conditions. This aspect indicates that the presence of the Nb-based
heterogeneous nucleation substrates introduced by means of the
addition of the 96Al–2Nb–2B master alloy becomes more substan-
tial when the alloy is solidiﬁed using slow cooling rates. In practical
terms, Nb–B inoculation will, most probably, be more justiﬁed for
sand casting products (cooling rate in the order of Celsius degrees)
than for high-pressure die casting components (cooling rate in the
order of hundreds/thousand Celsius degrees).
4. ConclusionsFrom the addition of the 96Al–2Nb–2B master alloy to the LM25
alloy it is concluded that:
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 Nb-based intermetallics are good substrates for the heteroge-
neous nucleation of aluminium grains.
 The microstructural features (grain size, eutectic phase and sec-
ondary phases) are signiﬁcantly reﬁned.
 The reﬁnement is achieved over a great cooling rate range.
 The formation of columnar grains at slow cooling rates is pre-
vented.
 A less heterogeneous distribution of the eutectic phase which
lays in between the dendritic arms is obtained.
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